Comparisons of polymorphism patterns between distantly related species are essential in order to determine their generality. However, most work on the genus Drosophila has been done only with species of the subgenus Sophophora. In the present work, we have sequenced one intron and surrounding coding sequences of 6 X-linked genes (chorion protein s36, elav, fused, runt, suppressor of sable and zeste) from 21 strains of wild-type Drosophila virilis (subgenus Drosophila). From these data, we have estimated the average level of DNA polymorphism, inferred the e¡ective population size and population structure of this species, and compared the results with those obtained for other Drosophila species. There is no reduction in variation at two loci close to the centromeric heterochromatin, in contrast to Drosophila melanogaster.
INTRODUCTION
Within Drosophila, the model organism Drosophila melanogaster is the best-studied species in terms of intraspeci¢c DNA variation. In this species, several patterns of DNA polymorphism have emerged that shed light on the processes of molecular evolution (summarized in Moriyama & Powell 1996) . One of these patterns is the observed relationship between recombination and the level of nucleotide polymorphism. In D. melanogaster, the telomeric region of the X chromosome, the base of all chromosomal arms and the entire chromosome 4 are regions of low recombination (Ashburner 1989) . These regions are less polymorphic than regions of normal recombination, but there is no correlation between recombination and the level of inter-species divergence (Aguade¨et al. 1989; Begun & Aquadro 1992; Aquadro et al. 1994; Moriyama & Powell 1996) , implying that lower mutation rates in regions of low recombination are not involved. These observations have been interpreted as evidence for adaptive selection, purifying selection, or both, at loci in regions of low recombination (reviewed by Charlesworth & Charlesworth 1998) .
To determine the generality of these patterns, distantly related species must be examined (Charlesworth & Charlesworth 1998) . Besides D. melanogaster, DNA polymorphism has been studied systematically in only two other Drosophila species, which belong to the Sophophora subgenus: Drosophila simulans (a sibling species of D. melanogaster) and, to a lesser extent, Drosophila pseudoobscura (Moriyama & Powell 1996) . It is clearly desirable to examine more distant relatives for such comparative purposes. Furthermore, since genes located in regions of low recombination usually exhibit low variability, they are unsuitable for studies of patterns of DNA polymorphisms. However, it is likely that these genes will be in regions of normal recombination in distantly related species, since genome rearrangements created by inversions are frequent in the genus Drosophila (Vieira et al. (1997) and references therein).
The split between the subgenera Sophophora and Drosophila has been estimated to have occurred 40 million years before present (Myr BP) (based on Adh and Sod gene sequences, and assuming a molecular clock; Kwiatowski et al. 1994; Russo et al. 1995) . Studies on DNA polymorphism using species of the subgenus Drosophila may therefore be informative for testing the generality of conclusions based on previous studies. The logical choice seems to be Drosophila virilis. This species has already become the`default' organism for comparison of DNA sequences from D. melanogaster, because of the evolutionary divergence between the two species (Hartl & Lozovskaya 1995) . Currently, more than 70 D. virilis genes have been partially or completely sequenced. Variability levels may thus be estimated without di¤culty for these genes, and, together with additional information on the rates of recombination that these genes experience, the emerging patterns of DNA variability may be compared with those found for other Drosophila species.
In D. melanogaster, recombination rates have been estimated from the comparison of`standard' physical and linkage maps (Ashburner 1989) . Polymorphic inversions, which are common in many natural populations of D. melanogaster, in£uence recombination rates (Ashburner 1989) and may themselves cause hitchhiking e¡ects on linked variants (Krimbas & Powell 1992) . This creates complications when trying to relate the observed levels of variability in natural populations to`standard' recombination rates (Charlesworth 1996) . But cytological analysis of more than 4000 D. virilis chromosomes from natural populations have shown a consistent chromosome pattern with no aberrations (Hsu 1952) . In this respect, D. virilis may be more suitable for studies of DNA polymorphism. The only available estimates of DNA polymorphism for D. virilis are those of Hilton & Hey (1996 for the period and oskar genes. Although only four D. virilis strains from di¡erent geographic origins (California, USA; Mexico; China; and Japan) were examined, the estimated level of DNA polymorphism is consistent with a large e¡ective population size for D. virilis.
In this work, we have estimated the level of DNA variability along the D. virilis X chromosome. We have sequenced one intron and surrounding sequences of six X-linked genes (chorion protein s36 (cp36 ), elav, fused ( fu), runt (run), suppressor of sable (su(s)) and zeste (z)) in 21 D. virilis strains. We chose to work with the D. virilis X chromosome, because several genes have previously been mapped both on the cytological and recombination map of this chromosome. From these data, an estimate of the relative recombination rates along the X chromosomes can be obtained. In agreement with what is observed in D. melanogaster (Ashburner 1989) , there is evidence for suppression of recombination near the telomere of the D. virilis X chromosome. But, in contrast to D. melanogaster (Ashburner 1989) , there is no evidence for suppression of recombination at the base of the D. virilis X chromosome. If, as has been proposed, selection on linked sites is the cause of the observed correlation between DNA variation and recombination in D. melanogaster (Charlesworth & Charlesworth 1998) , normal levels of variation and no unusual levels of linkage disequilibrium should be observed in genes that are located at the base of the D. virilis X chromosome.
MATERIAL AND METHODS

(a) Strains used
Twenty-one D. virilis strains were analysed. Their reference number, geographic origin, collection date (if known) and reference source are listed in table 1. The strains have been divided into two di¡erent groups according to their geographical origin: group A includes all the species from the eastern Palaearctic and Oriental realms, while group B includes all the remaining strains. The Drosophila montana strain 15010^1021.6 was also sequenced for two loci (see } 3).
(b) DNA extraction, PCR ampli¢cation, DNA sequencing and gene locations Genomic DNA was extracted from a single male £y of each strain. Each £y was homogenized in TET bu¡er (30 mM TrisHCl, pH 8.0^9.0; 10 mM EDTA; 0.2% Triton X-100), and sarcosyl added to a ¢nal concentration of 1%. The homogenate was then deproteinized twice (with equal volumes) with phenol and once with chloroform. The genomic DNA was then precipitated with cold isopropanol, washed once with 70% ethanol and dissolved in the appropriate amount of water.
Standard PCR ampli¢cation conditions were used, with 30 cycles of denaturation at 94 8C for 30 s, primer annealing for 30 s at 52 8C and primer extension at 72 8C for 2 min. The oligonucleotides used for PCR ampli¢cation are listed in table 2. DNA sequencing was performed with an Applied Biosystems model 377 DNA sequencing system, using the ABI PRISM Dye termination Cycle-Sequencing Kit (Perkin Elmer). PCR ampli¢cation products from the genomic DNA of a single male, using the appropriate primers (see above), were cleaned using the QIAquick 1 PCR puri¢cation kit (Quiagen) as described by the manufacturer, and directly sequenced. In the case of su(s), the ampli¢cation products were cloned into the pCR 2.1 vector, using the TA-cloning kit (Invitrogen 1 ), and sequenced using primers for the M13 forward and M13 reverse priming sites of the pCR 2.1 vector.
DNA sequences are deposited in the GenBank database (accession numbers AF162515^AF162640 for the D. virilis The numbers of synonymous, non-synonymous and intron di¡erences between pairs of sequences were calculated using the DnaSP software (Rozas & Rozas 1997) . Cytological localizations of the six genes analysed (cp36, elav, fu, run, su(s) and z) were carried out by in situ hybridization as described in Lozovskaya et al. (1993) and Vieira et al. (1997) . Detection of the biotinylated DNA probes was done using the Vectastain 1 ABC kit (Vector) as described by the manufacturer.
RESULTS
The variation found in the sequenced regions of the six D. virilis genes (cp36, elav, fu, run, su(s) and z) is summarized in tables 3^5. For cp36, run, elav and z, several ¢xed di¡erences were found between our set of 21 sequences and the sequences previously deposited in GenBank for each of these genes. Some are nucleotide di¡erences and some are indels (insertions and/or deletions). For cp36, these are present at positions 51, 54, 56, 106, 107, 108, 312 , DNA variation in Drosophila virilis J. Vieira and B. Charlesworth 1907 Proc. R. Soc. Lond. B (1999) 112, 118, 122, 152, 202, 221, 222, 224, 225 and 370 ; for elav at position 59; and for the z gene at positions 258, 270, 276, 360 and 372^373. In the case of cp36, the two ¢xed indels that are found in the coding region at positions 312^313 and 324 change the amino-acid sequence in this region. A similar situation is found for z. The ¢ve ¢xed indels found in the coding region at positions 258, 270, 276, 360 and 372^373 change the amino-acid sequence twice in a small region of the gene. Some of the previously published sequences were obtained from a D. virilis library, and it is therefore likely that these di¡erences represent cloning or PCR artefacts. However, we cannot rule out the possibility that they represent variants that are simply not present in our sample. Indel variation is frequent both in the coding and noncoding region, and is often associated with microsatellite sequences (table 3) . We have also sequenced one allele each of cp36 and su(s) from D. montana, another species of the virilis group, whose common ancestor with D. virilis lived 10 Myr BP (Tominaga & Narise 1995; Nurminsky et al. 1996) . When the former is compared with the sequences from D. virilis, two intronic indels (in positions 60^61 and 90) were also noted. Although the coding region of the D. montana su(s) gene is easily aligned with the coding region from D. virilis, the same is not true for the intron, where several indels seemed necessary to get the best alignment. In the coding region of D. montana, as opposed to D. virilis, there is no microsatellite at position 317^334 (see table 3), and there is an indel at position 395^397.
When the sequence data for the six D. virilis genes are considered together, a total of 44 segregating transitions Table 4 . DNA sequence variation summary for group A lines (14 sequences were analysed. is the average number of di¡erences per base pair (Nei 1987) and is Watterson's estimator (Watterson 1975) , for non-synonymous sites (nsyn), synonymous sites (syn), intron sites (int) and 5' non-coding £anking sites (5'). The standard deviations of and , due to sampling and evolutionary stochastic variance, were calculated according to Nei (1987, pp. 254^258) (Moriyama & Powell 1996) . Not surprisingly, the mean level of variation at nonsynonymous sites is ten times lower than variation at synonymous sites and 18 times lower than variation at intron sites. For all cases in which they could be compared (cp36, run, fu, su(s) and z; tables 4 and 5), the level of DNA variability at intron sites is higher than at synonymous sites except for run, but the di¡erence is nonsigni¢cant on a Mann^Whitney U-test (p40.05). This pattern is most evident for the cp36 gene, where the level of synonymous variation is eight times lower than at intron sites. However, the intron of this gene has a typical level of variability (tables 4 and 5). The discrepancy between the levels of variation at silent and intron sites is possibly because these genes have strong codon usage bias. A measure of the latter, the e¡ective number of codons (ENC; Wright 1990) for four of the ¢ve genes analysed, cp36 (39.47), run (41.15), su(s) (42.01) and z (37.11), is smaller than the D. virilis average (45.5; McVean & Vieira 1999), indicating that these genes have unusually strong codon usage preferences. Furthermore, the cp36 gene is the least divergent gene (only silent sites are being considered) of a sample of 50 genes that have been completely sequenced in both D. virilis and D. melanogaster (data not shown; the 50 genes are listed in McVean & Vieira 1999) . In addition, the average level of silent polymorphism for these four D. virilis genes (cp36, run, su(s) and z; 0.76%) is similar to the average level of silent polymorphism for a sample of six D. melanogaster genes with similar ENC (Pgd, z, per, Pgi, Sod and Mlc1; 0.79%; the level of silent polymorphism of autosomal loci was multiplied by 0.75 in order to be compared with X-linked loci; data from Moriyama & Powell 1996) . We have also performed the Hudson^Kreitman^Aguade¨(HKA) test (Hudson et al. 1987 ) on cp36 and su(s), using sequences from D. montana (see above). This test, which compares the level of interspeci¢c divergence to the level of withinspecies variation between two regions (the coding regions of the cp36 and su(s) genes in this case), is not signi¢cant. However, there are only one and six segregating sites among cp36 and su(s) alleles, respectively. Furthermore, there are on average only 7.1 and 8.4 di¡erences between the D. virilis and D. montana cp36 and su(s) sequences, respectively (the average frequency of di¡erences per base pair between these two species for silent sites (K s ) and replacement sites (K a ) is 6.8% and 0.4% for cp36, and 9.5% and 1.5% for su(s), respectively). The power of the HKA test is limited with such a small number of di¡er-ences. Nevertheless, a high level of constraint at silent sites in the cp36 gene seems su¤cient to explain the low level of silent site variation in this gene.
Deviations from neutrality were also tested using both the Tajima's D (Tajima 1989) (Fu & Li 1993) . No signi¢cant deviations from neutrality were found for any of the six genes analysed. But these tests assume that there is no recombination, and their power to detect selection in regions of normal recombination is low (Wall 1999) . However, recombination rates cannot be estimated directly from our data because there is no evidence for recombination in the short regions we have sequenced. Nevertheless, additional analyses of sequence variation on fu suggest that this gene is under selection (see } 4).
DISCUSSION
(a) Population structure Although D. virilis has the widest distribution of any member of the virilis group and has been reported in collections from four zoogeographic realmsöNeoarctic, neotropical, Palaearctic and Orientalöthis species is probably native to the eastern Palaearctic and Oriental realms (Alexander 1976) . Furthermore, it is believed that some natural populations of D. virilis, especially those in North America found in domestic habitats, have fairly small population sizes (Alexander 1976) . For these reasons, we have divided our sequence data into two groups (table  1) : all strains from China, Japan and Russia were put together into group A, while all the others were put into group B. The Georgian (Russia) samples are geographically closer to Europe than the Orient. Their inclusion in group A is justi¢ed because it is thought that there is a continuous distribution of D. virilis from the Orient to Georgia, but there is no evidence that there is a continuous population connecting Georgia with the rest of Europe (Throckmorton 1982) .
It is probable that the strains included in group B are migrants from the large central population of the eastern Palaearctic and Oriental realms. Consistent with this assumption are the observations that there are no ¢xed di¡erences between the two groups of sequences, and that all the variants found in group B were also found in group A (if singletons are not considered). However, not all the variants found in group A were found in group B, suggesting that group B is a subsample of group A of sequences (data not shown). The DNA polymorphism data are thus consistent with either the notion of a large population centred in Asia and a smaller migrant population elsewhere, or a large migrant population that went through a bottleneck, since the estimated average level of variation is larger in group A than in group B (tables 4 and 5). It should be noted, however, that group B may possibly be very heterogeneous, and that its level of DNA variability may not be accurately estimated. Therefore, for the remainder of this discussion, we will consider only group A.
(b) DNA polymorphism and e¡ective population size
The average level of DNA variability at silent sites of D. virilis (0.76%) is much lower than the level of intraspeci¢c variability reported for D. simulans and D. pseudoobscura but is close to that reported for D. melanogaster genes with similar codon bias (see } 3). Because the e¡ective population size is positively correlated with the level of intraspeci¢c polymorphism for neutral or nearly neutral sites (Kimura 1983; Ohta 1992) , it seems likely that D. virilis and D. melanogaster have a similar e¡ective population size (N e ), of the order of one million individuals, assuming an equal mutation rate in the two lineages of 1Â10
À9
. This mutation rate is based on the Aquadro et al.
DNA variation in Drosophila virilis J. B. Charlesworth 1909 (1994) estimate for D. melanogaster (2Â10 À9 ) and our estimate based on the comparison of the coding region of the su(s) and cp36 genes of D. virilis and D. montana (1.4 Â10 À9 and 0.9Â10 À9 , respectively, assuming a divergence time of 10 Myr; Tominaga & Narise 1995; Nurminsky et al. 1996) . Because a neutral mutation destined for ¢xation is expected to be maintained in a population for an average of 4N e generations, our N e estimate re£ects the geometric average of the D. virilis historical population size over a time period of the order of 4N e generations (Kimura 1983; Ohta 1992) .
However, in D. melanogaster, the average level of DNA variability at intron sites is lower than for silent sites (Moriyama & Powell 1996) , and silent sites are twice as divergent as intron sites between D. melanogaster and D. simulans (Bauer & Aquadro 1997) , suggesting that on average intron sites are more constrained than silent sites. In contrast, in D. virilis, the average level of DNA variability at intron sites is higher than for silent sites. Furthermore, in the case of the cp36 gene, the rate of divergence between D. virilis and D. montana at silent sites (6.8%) is lower than at intron sites (9.9%). Therefore it is possible that in D. virilis, introns are not as constrained as in D. melanogaster. Additional diversity and divergence data are needed for more genes in order to establish the generality of this observation.
When compared with other species of the virilis group, the estimated level of DNA polymorphism for D. virilis seems to be similar to that observed in Drosophila lummei, but less than that estimated for Drosophila americana and Drosophila texana (two closely related species), an observation made previously by Hilton & Hey (1996 also McAllister & Charlesworth 1999 and unpublished results) .
(c) Recombination and variability
Although the D. virilis recombination map is based on many mutants (Alexander 1976) , only a few genes have been localized on both the cytological and recombination maps (in the case of the X chromosome this amounts to only seven markers: yellow, vermilion, singed, white, Notched, Larval glue protein and bobbed; table 6). These markers can be used to estimate recombination rates relative to physical distance along the X chromosome. There is some evidence for suppression of recombination near the telomere of the D. virilis X chromosome (as in D. melanogaster; Ashburner 1989), but there is no evidence for suppression of recombination at the base of the D. virilis X chromosome (in contrast with D. melanogaster; Ashburner 1989).
The estimated recombination rates (table 6) for the regions in which the z, elav, fu, su(s), cp36 and run genes are located (table 7) imply that these genes are all exposed to similar levels of recombination. Consistent with this interpretation, the genes have all similar levels of variability, including run and z which are less than 1Mb away from the centromeric block of heterochromatin (assuming that on average each D. virilis polytene band is 100 kb long; Vieira et al. 1997) .
Genes located in regions of low recombination and large genes are usually less biased with respect to codon usage than the average (Kliman & Hey 1993; Comeron et al. 1999) . Both run and z are about the size of the average D. virilis gene (551 and 619 amino acids respectively; the average size of the 50 D. virilis genes listed in McVean & Vieira (1999) is 575 amino acids) and are more biased than the D. virilis average (McVean & Vieira 1999) . Also, no signi¢cant haplotypic structure was found for any of the six genes analysed except for cp36 and fu. In the former, signi¢cant linkage disequilibrium is found between two sites that are 68 bp apart (at positions 58 and 126). In the case of fu, linkage disequilibrium was observed among ¢ve pairs of sites, the most distant ones being 82 bp apart (at positions 121, 122, 187, 194, 203 and 220) . In one of these sites, a negatively charged aspartic amino acid is replaced by the non-charged amino acid alanine, and this variant is present in approximately 50% of the sequences. This replacement variant is located within the serine/threonine kinase domain of the fu gene (The¨rond et al. 1996; Hanks et al. 1988) . All eight alanine alleles are identical in sequence, and three of the six aspartic acid alleles are also identical in sequence. The occurrence of little or no variation within alleles, coupled with the presence of several di¡erences between alleles is very unlikely under the usual equilibrium neutral model (p 0 using the Hudson et al. (1994) haplotype test). These results suggest that the D. virilis fu gene is under some sort of balancing or directional selection. A detailed analysis of fu sequence variation will be presented elsewhere.
Overall, there is no evidence for a direct e¡ect of proximity to the centromere on the level of nucleotide variability of genes located near the base of the D. virilis X chromosome. Because there is no evidence for suppression of recombination at the base of the D. virilis X chromosome, Gubenko and Evgen'ev (1984) . The number of bands between markers is estimated from the physical map presented by Kress (1993) . The cytological locations are from: Lozovskaya et al. (1993) öy, sn, w and N; Kokoza et al. (1990) öv; Kress (1993) öLgp1^3; Gubenko & Evgen'ev (1984) (Nachman et al. 1998) , mice (Nachman 1997) , Lycopersicon (Stephan & Langley 1998) , sea beet (Kraft et al. 1998) and Aegilops species (Dvorak et al. 1998) . Finally, the e¡ect of recombination on DNA variability is not gene speci¢c. The D. melanogaster su(s) gene is located on a region of little recombination and lacks variability (see Moriyama & Powell 1996) . However, in D. virilis this gene is exposed to high recombination levels and has as much variability as the other D. virilis genes here analysed, implying a similar level of constraint at silent sites.
